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FOREWORD

Seven comprehensive Technical Reports were issued under Contract N6ori-20,
Task Order IX, ProJect 019 101, with the Office of Naval Research: a Quarterly
Report for the period 1 June 1947 to 31 August 1947; an Annual Report (in two
parts) for the period from 1 Septemter 1947 to 31 August 1948; a Report (in two
parts) for the period 1 September 1948 to 31 March 1950; a Report (in two parts)
for the perliod 1 April 1950 to 31 March 1951; a Report (in two pants) for the
perlod 1 April to 31 March 1952.

The Technlcal Report for 1952-3, issued 1n two parts, and Part One of the
Technical Report for 1953-%, which covered roughly the perlod 1 October 1953 to
31 March 1954, were issued Jointly under this Laboratory's contract with the
Office of Naval Research (ONR) and Contract DA-11-022-1002, Project TB2-0001 (505)
with the Office of Ordnance Research (OOR). Part Two of the Technical Report for
1953-4 was 1ssued jJolntly under these contreécts and Contract AF18(600) -471,
Project No., R-351-40-4 with the Office of Scientific Research (AFOSR) of the
Alr Research and Development Command (ARDC). The Technilcal Reports for 1955
and 1656 were 1ssued Jointly under the contracts with ONR, OOR, AFSOR, and
under Contract AF19(604%)-019 with the Geophysics Research Directorate (GRD) of
the Alr Force Cambrldge Research Center. The OOR contract was extended without
additional funds from 1 October 1957 through 30 September 19586 and a Final Report
was 1ssued,

The work under the original ONR contract Nfori-20, IX, Project 019 101 was
completed on 30 September 1956, and a Flnal Report was issued. A new contract,
Nonr-2121(01), went into effect 1 October 1956: work described in the 1956 and
subsequent Technical Reports and supported by the ONR, was done under that
contract. The corntract was terminated on 30 November 1965, and a Final Report
was 1ssued. The work is being continued under a new contract, NOOOl4-66-C0075
(A01l) which became effective 1 October 1965. ‘The contract was amended to
NOOO14-67-4-0285-0001 on 1 Octobe.' 1966,

The original GRD contract terminated 25 October 1907. This work was
continued under GRD Contract AF19(604)-3478 which terminated 14 December 1959.
The work was further continued, beginning 15 January 1960, under Contract
AF19(604) -6662 with the Electronics Systems Division of the Air Force Systems
Command (AFSC). At the termlnation of this contract on 14 January 1963, a
final report was issued and work continued under Contract AF19(628)-2474 which
began on 15 January 1963 and terminated on 31 March 19€7, when a final report
was 1ssued. A new one-year Contract, F19628-67-C-004G became effective on
1 April 1967 for the continuation of the work, but wes terminated on 31 March 1968
without further funding from OAR, and a Final Repor® was issued.
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The AFOSR contract was extended for two years from 1 October 1962 without
added funds, but with the provision of ample computing time, for the completion
of the work under the contract on the Univac Sclentific (Remington-Rand 1103 and
1103A) electronic diglital computers at Wright-Patterson Field Air Force Base
(WADC); a Final Report was issued. With the availability of these computer
facilities, new funded support from a National Science Foundation !NSF) grant,
made 1t possible to carry this work further forward.

All the contracts mentioned thus far were under the direction of Professor
Robert S. Mulliken as Principal Investigator. A one-year contract from WADC,
AF33(616)-5608 with Professor C. C. J. Roothaan &s Principal Investigator went
into-effect 1 April 1958, and the use of the computing facilities at WADC since
30 September 1958 on all the contracts and the NSF grant was under the auspilces
of this contract, extended on a no-cost basis through 31 May 1959. These
computing facilities continued to be made avallable under a one-year contract
AF4g(638) -699 from AF Office of Scientific Research, Office of Aerospace Research
which expired 30 June 1960. Continued use was made of the facilities under AFOSR,
OAR Contract AF49(638)-1068 which commenced 1 April 1961 and terminated 30 April
1962. Under a new contract AF33(657)-8891 which was funded 1 May 1962, use of
the computing facilities at WADC was continued through September 1962. In
October 1962, all computation efforts were transferred to new facilities
established at the University of Chicago Computation Center, with Professor
C. Ce J. Roothaan as Director. These facllities originally consisted of an
IBM 7090 and IBM 1401 and peripheral equipment, but in June 1963 conversion of
the IBM 7090 to a 7094 was carried out, and in December 1964 the 1401 was
replaced by an IBM 7040, In August 1968 an IBM 360 Model 50 was added to the
facllities available at the University of Chicago Computation Center. This
machine was exchanged in January 1969.for a Model 65 and the IBM 7040 was
returned., Professor C. C. J. Roothaan resigned from the directorship of the
University of Chicago Computation Center in September 1968. The computing
efforts in LMSS employ the University of Chicago Computer Center facilities,
i.e. IBM 7094 and IBM 360/65 as well as those of Argonne National Laboratory,
1.e. IBM 360/50 - 360/75.

Beginning 12 June 1959, a three-year contract with the OOR (now the Army
Research Office, ARO), Contract DA-11-022-ORD-3119 went into effect, sponsrred
under auspices of the Advanced Research Projects Agency (ARPA), fundsd under
ARPA Order 368, for theoretical computations on light molecules, and under the
direction of Professor C. C. J. Roothaan and Dr. B. J. Ransil as Principal
Investigators, with Professor R. S. Mulliken as Consultant. At its czxpiration
on 11 June 1962, the contract was renewed for another three-year period from
12 June 1962 through 11 June 1965, with Professor Roothaan as Principal
Investigator. The contract was renewed for an additional ysar on 12 June 1965
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and was terminated on 11 June 1966, when a Final Report was issued. Work
continued under a new contract DA-31-124-ARO-D-447, which became effective on
12 June 1966, and terminzted 11 June 1970, when a Final Report was issued.

For the last two years of this contract Professor Juergen Hinze was Co-principal
Investigatér. Since 12 June 1970, work is being supported by a new contract
DAHC O4-07-C-0037 with Professor Juergen Hinze as Principal Investigator.

The present Technlcal Report for 1969-70 is issued under contracts from
ONR (Office of Naval Research) and ARO (Army Research Office-Durham). These
contracts have supported the research reported herein during the perilod
1 January 1969 through 31 December 1970. A number of the papers included have
received partial suppopt from National Science Foundation Grants (GP-9284,
GP-15216 and @P-27138), and are included because of their close relation to
the research reported on the ARO and ONR contracts. 4he ONR contract has
supplied all the equlpment and supported all the reseurch carried out on
molecular complexes for this period.

For a complete 1list of papers published from 1 January 1953 up to early
1960 by personnel of the Laboratory of Molecular Structure and Spectra,
reference may be made to the Technical Report 1957-9, Part Two. Papers from
this Laboratory published in the period 1947-52 are listed in the ONR Final
Report of 30 September 1956, .
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Optimization of Exponents for Slater-Type
Basis Functions

JoreeEN Hinze

Department of Chemistry, University of Chicago,
Chicago, Illinois 60637

(Received 22 May 1969)

One of the bottlenecks in the computation of accurate
atomic or molecular wavefunctions, using an expansion
of the orbitals in Slater-type functions, is the determina-
tion of the “best” exponents to be used in these basis
functions.! The use of large “saturated” basis sets has
two practical disadvantages: (1) it does not yield the
most compact description of the wavefunction desired,
and (2) it becomes rapidly expensive in terms of com-
puter time. The procedure generally used to fir i the
“best” basis function exponents is a ‘‘brute-force”
optimization, i.e., the energy hypersurface, which is a
function of the basis function exponents, is searched for
a minimum with procedures of various sophistication.'~
Since the computation of any one point on the energy
surface is rather cumbersome, such ‘brute-force”
minimization can become prohibitively expensive in
terms of computer time required. We have successfully
used an alternate method, based on the expansion of the
Slater-type functions in terms of a truncated Taylor
series, and have achieved significant time savings over
the conventional “brute-force” methods.

The expansion of the spatial part of an orbital in
terms of Slater-type basis functions is

¢i(r)= 2 C.',,x,(f), (1)

where the C,,’s are the expansion coefficients, and the
basis functions

xo(T) = R(np, $5; 7) Yi,.m, (6, ¢) (2)

are generally centered on some atom. The Yi's are
normalized spherical harmonics and the R(r)’s are
normalized Slater-type functions. The normalized
Slater-type functions

R(n, §; r)=[(2n) 1T12(20) 2 exp(—(r)  (3)

depend on the origin of r (their center) and the param-
eters # and {. To achieve an optimization of {, we ex-
pand around {°. Neglecting terms of second and higher

order in §f, we obtain explicitly
R(n, 1488, n)~[1+4(2n+1) (8/5°) IR (n, 3% 1)
—(2n+1) (2n+2) FHE L) R(nt1, 8% 1), (4)

If &, is required to improve the basis function
xp(1p, £ T), then it is only necessary to introduce
into the calculation in addition the basis function
xp(np,+1, ¢ ). A conventional SCF calculation will
yield the expansion coefficients Ci,™ and Ci*V
corresponding to xp(%n.5% 1) and xp(n,+1,5,% 1)
respectively, for every orbital i.

Assume that C,, is the unknown coefficient for the
corrected basis function with exponent {,°+8t,, then
we obviously have

Col 1+3(2n+1) (8/85") 1=Cis™,  (Sa)

and
—3Ci[(2n+1) (2n+2) ]2 (88ip/t %) = CiptH0. (Sb)

Solving Egs. (5) yields for the corrections to {,"
corresponding to orbital i,

2 ;’,°C ‘.P(n+l)
Co™L(2n+1) (21+2) JA+ Cop (2n11) *

(6)
If these 8f¢,’s differ only little, a weighted average
(weighted by orbital occupation numbers N; and
expansion coefficients squared)

(65): E 63‘;',1\7.'(:;,’/2 Ns’C"p’ (7)

will suffice. However, if the 8{’s for the s.'.e basis
function but different orbitals differ widely, and the
corresponding C,’s are significant, then it will be
necessary to introduce a new basis function to satisfy
the needs of the different orbitals.

The above procedure has been used successfully for
the optimization of up to four basis functions simul-
taneously. Obviously, difficulties arise if two basis
functions on the same center and with identical # and
similar { are to be optimized simultaneously.
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LETTERS TO THE EDITOR

If the above procedure is used only for the optimiza-
tion of one basis function at a time, then there is little
advantage over ‘“‘brute-force” methods. Clearly it is also
not feasible to optimize all the basis functions in a given
basis set simultaneously; the number of integrals to be
computed would be excessive since the basis set would
have been doubled. Also, the result with the doubled
basis would obviously be better than the result with the
reduced but optimized basis. It is most advantageous to
optimize the basis set by optimizing blocks of three to
five functions simultaneously and in turn.
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The excited and ionized states of the heavier rare-gas molecules are discussed, existing evidence on the
dissociation energies of the jons are reviewed, and estimates of these dissociation energies are made.
Estimated potential curves for the Xe;,* ion and for the lower excited states of the Xe; molecule are given.
Applications to the interpretation of the observed spectra of the heavier rare gases, especially Xe,, are

discussed.
I. INTRODUCTION

Rare-gas atoms in their ground states repel each other
except for van der Waals attractions, which lead to
weak molecular binding only for the heavier atoms
(not for Hey). However, they all form fairly stable
positive molecule-ions (He,*, Xe;*, HeNe*, etc.).
By the addition of an electron in one or another Rydberg
molecular orbital, any rare-gas molecule-ion should
give rise to very numerous stable excited molecular
electronic states. There should also be repulsive states
of the molecule-ions and, in general,! very numerous
repul<ive excited states of the molecule. Numerous
stable Rydberg states of He; have long been well
known from a study of discrete band spectra in the
infrared, visible, and near ultraviolet.? Continuous
emission spectra and diffuse emission and absorption
bands in the vacuum ultraviolet, known for all rare
gases,»¢ are attributable to transitions between stable
excited states and the repulsive ground state. Except

for Hes, only continuous emission spectra are definitely
known in the visible and near ultraviolet,® although
there are some indications of Xe; bands® which, how-
ever, have not been further studied. Hence nothing has
been known experimentally about the excited states of
the heavier rare gases except the approximate location
of the lowest. Recently, however, Tanaka and Yoshino®
have obtained structured absorption spectra, and also
corresponding emission spectra, of He atom pairs in
which the upper states are highly vibrating excited
He; molecules, and, as yet unpublished, they have
obtained very numerous sharp absorption bands of
van der Waals molecules of Ne; and Ar; leading to
highly vibrating excited molecular states.

For the interaction of a normal with an excited or
ionized He atom, the main features of the potential
curves are believed to be known,! although more work
is neaded; in particular, the dissociation energies are
known only approximately. For the heavier rare gases,
because of their possession of a p® in addition to an s*
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shell, diffcrent and more complicated patterns of
potential curves are expected, but until now, only brief
preliminary discussicns! of what the lowest of these may
be have been published. In view of increasing interest
in the rare gases in connection with electrical discharge
mechanisms, plasma problems, shock-tube studies,
vacuum spectroscopy, etc., it seemed worthwhile to
attempt to predict some of the excited-state potential
curves for a typical case.

Using qualitative theoretical considerations in com-
bination with a variely of experimental data from
related molecules and atoms, curves for Xe; and Xegt
have been constructed and are shown in Figs. 1 and 2.
These curves are being published in the belief that they
can be helpful qualitatively, but it must be emphasized
that no general quantitative reliance can be placed on
them. This paper is devoted largely to an account of
the various considerations used in drawing the curves,
so that the reader may himself judge to what extent
reliance can be placed on them. Potential curves for
Ne;, Arg, and Kr; and their ions should be similar to
those for Xes and Xe,*.

II. THE Xe,t AND OTHER RARE-GAS
MOLECULE-IONS

Just as for the excited states of Hey,? it is expected
that for most of the stable Rydberg states of Xe, the
forms of the potential curves near their minima should
be nearly the same as that of the normal state of
the Xes* ion (see Sec. III). For this reason and also
because the predictions involve fewer uncertainties
than for the Rydberg states, we begin with the Xe,*
ion.

To the extent that the ground states of the Xe atom
and ion can be described by single-electron-configura-
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Fic. 1. Fslimaled potential curves for Xes* ion correlating
wilh lowesl siales of Xe*<4 Xe, and for lowest staies of Xe;
molecule. See also inse1 in Fig. 2.

tion wavefunctions (these will be assumed in the
following discussion), the correct configurations and
states are certainly ---5s35p%, 1S for the atom and
+=+5535p%, 2Py (lower) and 2Py (higher) for the ion.
For a pair of normal Xe atoms in contact, the wave-
function then is a single-determinant expression
corresponding to either of the two following equivalent
descriptions:

OLio 53¢’5P6¢’5PT¢‘530’5Pﬂ’sp"’b‘, IE¢+’ ( la)
oo (a,Ss)’(a..Ss)’(a,Sp)’(w..Sp)‘(r,Sp)‘(a..Sp)ﬁ, 1Z,%.
(1b)

In (1b), 0,5 and 0,5p mean 2-V2(5pa,45pas), while
n.5p and w,5p mean 2-Y3(Spw,£5pxy).7 It can be
shown that the normalized single determinant wave-
function expressed in terms of AO’s [configuration
(1a)] is identical with that in terms of LCAO MO’s
[configuration (1b)].7 Either (12) or (1b) corresponds
to a repulsive potential curve. In (1a), exchange
repulsions between 5pg,? and 5po:?, between 5pxa! and
5pxs, and between 5s.? and 5s:2, set in and increase as
the internuclear distance R is decreased; the ¢ repul-
sions become important at larger R than the = repul-
sions. In (1b), the ¢,55, 0,5, and x.5p electrons are
bonding, but their effect is always overbalanced}
increasingly as R decreases, by the antibonding effects
of the equally numerous 0,55, ¢.5p, and x,5p electrons.

By removing one electron from (1a) or (1lb), the
low-energy states of Xest can be predicted. At suffi-
ciently small R values, descriptions corresponding to
removal of an electron from one or another of the MO’s
of (1b) should be appropriate.” The iowest four of the
resulting states are listed and described in the inset in
the lower right corner of Fig. 2. Twc of these four states,
the B 1, and C 41, should be widely split into two
substates, a Iy (lower energy) and a 2IL (higher
energy). The interval *IT)s—*I1; ; in each case should be
approximately § of that between the “Pyp and 2Py
substates of the p* 2P ground states of the Xc* ion.?

The stability of the 4 22, state depends primarily
on a predominance of the bonding effect of its two 7,5
electrons over the antibonding effect of its one o.5p
electron. This is expected theoretically and is supported
experimentally by the stability of the analogous
o,1s%0,1s ground state of He,+. Matters are more com-
plicated in Xey* because of the additional valence-shell
electrons, but since overlap between po AO’s of two
atoms is already fairly strong at R values sufficiently
large that px-px overlaps are still weak, and s-s over-
laps weaker than po-po overlap, it is to be expected
that at the equilibrium distance R, the loss of stability
due to the net repulsion effect of the remaining valence
shell electrons [in (0,55)2(au,55)2(xu5p)4(7e5p)4] is
not serious.

An additiondl conplication is the faet Hrat the
doublet splitting in the 2P state of Xe* is so large (see
Fig. 1), due to strong spin-orbit coupling, that the
coupling in the Xe;* gtates even at R, of the ground
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state must tend strongly toward the far-nuclei case ¢
type.l® The correlations of the Xe,*+ states with those of
Xe*+Xe must accordingly be carried out in accordance
with the case c rules. These show that 2Py,+1S must
give a §u, a 3g, a §g, and a 34, state, and 2P;p+1S a §u
and a 4g, where the number } or 4 refers to the quantum
number . These case c states are, respectively,
correlated with the MO-predicted states or substates

Y| 22u+, B mam. B 2n1/z,, and C ’Hm.. (from 2Pa/-,g+'S) y

and C My, and D 22, (from 2P s+1S), as shown in
Fig. 1. At large R values the §x wavefunctions from
2P3s+1S and 2Py o+, respectively, can be shown to be
50: 50 mixtures of 4 *Z,* and C il,p., while as R de-
creases, the lower and upper 4u upper states must
increasingly approach pure 4 Z,* and pure C M,
respectively. However, even at R, of the ground state
of Xe,*, the purification is undoubtedly by no means
complete. Similar considerations apply to the two 3g
states. The §g and §u states, however, are pure B My,
and pure C M3, at all R values.

To estimate the dissociation energy D for the ground
state of Xes*, we note that Xe,* is isoelectronic with
Is~, and that the relationship of I;(:+:0,5p®) to
Xegt(+++0,5p%.5p) is analogous to that of Hy(o,1s?)
to He;*(a,15%,15). Let us assume as a plausible relation
that D(Hes*)/D(Hs) = Deg(Xes*)/Deg(I3), where in

- R, 6 ]
o 0 R‘a i cm!
—T ! A
[ 03{,”:212:- ti ot p5p |
¢ E': 22,5 Bu--—@‘ 5Sg Fic. 2. Fstimated potential curves for
O} 1 T e T AN g 2 some of the lower excited states (Rydberg
= Pt '_;.‘_l"—‘ 7N 24 states) of Xe,. For each state, the core
- 6 %G0%h L o 988 1 (4 or B) and the nature of the Rydberg
-'-E 9 0. % | orbital are given, also the case ¢ labels of
G W6s the substates. The positions of the curves
= ) 4§ are only estimated; for what are believed
» to be some improvements in the esti-
&" mates, see the last paragraph of Sec. III.
w 8152 e’ Some of the curves should be modified
= ] 1 in one respect. Namely, as in the case of
, He, (see Ref. 1), those states (here A 7po,
J A 7dx, B17pa, BT7dx) which involve
q N promoted MO’s, but not those with un-
B promoted MO's, should have major
= r-“—-‘z‘“é.',ac N humps (maxima) in their potentia
G&1y 1t 2 o curves.
P 885 R,6s
States of Molecule [on
o5p mSp mSp oSp
AZ, 2 4 4 1 2500cs"
2 4 3 2
C 2 5 4 2
DL, 1 4 4
A ' | N 1 " i 1
2 285 4 5 6

order to take account of the distorting influences of
strong spin-orbit coupling in the Xe* and I atoms, the
assumed relation is taken to hold for Dy of Xe;* and
I,; that is, the dissociation energy measured with
reference to the centers of gravity’ of the P states of
Xet and of I. This makes

D(Xert) =D(Xer*) +3[2P1p(Xet) —2Pyp(Xe?) ],
Deg(I2) = D(Is) +3[*P1a(I) —*P3n(I) ] (2

since D(Xe,*) corresponds to dissociation to one
2Py Xet ion and one 1S atom, while D(I,) corresponds
to dissociation to two 2Py atoms.

D(Hes*) is 2.23 eV according to a rather accurate
estimate based on a theoretical computation (Table I,
Footnote g) .1 D(Hy) is 4.48 eV, so that D(He,*)/D(H,)
is about 0.50. D(I,) is 1.54 eV and 2P, 2(I) —2Py(1) is
0.94 eV, so that Dy(I,) is 1.54+0.63=2.17 eV. Multi-
plying by 0.50, one obtains D(Xe;*) =0.65 eV for
dissociation of 4 *Z,* into Xe plus Xe*(*P;p).

While the estimate of 0.65 eV for D(Xe,t) thus
obtained cannot be counted on as accurate, its basis
seems to be fairly sound.”? If the method used above
for estimating D(Xe,*) is applied to Ne;*, Ar*, and
Kr.*, then using D(F,) =1.59 eV,? D(ClL) =2.476 eV,
and D(Bry) =1.971 eV, together with 2P 3—2P;p
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TasLE I. Rare-gas ion dissociation energies Dp.*

b c d e f g h i j
He,* >1.3040.1% 2.06 2.07 2.2 2.23
Neg* 20.69+40.2 0.33-0.71 1.354£0.07 1.65 0.78 1.1
probably 0.7+0.2
An? >1.08+0.1 >1.049 0.0035 1.25 1.21 1.4
probably <1,503}
Kyt >1.00+0.1 20.995 21.13 092 1.2
probably <1.641!
Xey* 20.91+0.1 20.967 0.99+4-0.02 0.65 1.0

probably <1.150!

* in electron voits,

h M. S, B. Munwn, J. L. Franklin, and F. H. F ¢id, J. Phys. Chem.
07, 1542 '1963), electron lnpact appearance potentials with mass spec-
troscopy'.

¢R. E. liuffman and D. H. Katayama, J. Chem. Phys. 48, 138 (1966),
tineshold of photoionization using rare gas atom resonance lines.

dJ. A. R, Samison and R. B. Cairns, J. Opt. Soc. An. 36, 1140 (1966).
photoionization.

¢ Fron ion scattering data. E. A. Mason and J. T. Vanderslice, J. Chem.
Phys. 29, 361 (1958) for Her*; 30, 599 (1959) for Ney*; 36, 1103 (1962)
for Ary*.

T, R. Connor and M. A. Biondi. Phys. Rev. 140, A778 (1965); L.
Frommnhoid and M. A. Biond|, idid. 185, 244 (1969), spectral line shapes.

8 T. L. Gitbert and A. C. Wahl |unpublished tieoretical calculations
(seif-consistent-fieid approximation)].

b fistimated from theoretical calculations: 8. K. Guptaand K. A. Matsen,
J. Ciwemn. Phys. 47, 4860 (1967); C. Edmiston and M. Krauss, ibid 48,
1833 (1966). D, =2.33 £0.02, Dg=2.23+0.02.

data for Net, Ar*, and Kr*, one obtains D(Nes*) =
0.78 eV, D(Ant*)=121 eV, D(Knt*)=092 eV,
D(Xest) =0.65 eV.

The foregoing estimates were made some time ago
when trustworthy experimental data appeared to be
lacking. Fortunately there are now data which make
passible some irnproved estimates of true D values. In
the Hornbeck-Molnar process, which apparently
occurs for all rare-gas ions, one has, for example,

(3)

where Xe* indicates an excited atom. The difference
between the ionization energy of the atom and the
lowest excitation energy (A.P.) of Xe* for which the
process occurs is evidently a lower limit to D for the
meclecule ion. The A.P. may be determined as an
appearance potential of the molecule ion by electron
impact excitation of the atom, as in the work of Munson,
Franklin, and Field or, more accurately, by observation
of the longest wavelength absorption line of the rare
gas which produces photoionization (Huffman and
Katayama). Values of D for the rare-gas ions resulting
from the use of these and other perhaps less reliable
methods, together with references to data sources, are
set forth in Table I. In the last column of Table I the
writer's judicious estimates of the true values are
listed.

A value of R, for the ground state of Xe,*
was roughly estimated in the following way. For the

Xe*+ Xe—Xette,

} Semlempirical calcuiations of this paper.

1 Wrlter's estimate of true values,

% The value Dy=1.30 eV cotresponds to an appearance potentia’ 23.1
eV, which may be identified with the 153p, !P state of the He atom at 23.09
eV. However, the reliable theoretical value of 2.20 eV (cf. Footnote 1)
would correspond to an appearance potential A.P. (Hes*) of >22.4 eV,
with which the excitatlon energies 1s3s, 45 (22,72 eV), 1535, 'S (22.92),
and 1s3p, 3P (23.01 eV) are aiso compatible. But as J. L. Franklinand F. A.
Matsen point out [J. Chem. Phys. 41, 2948 (1964)], tie cress section for
electron Impact excitation to these is very much less than to 153p, 'P;
thls seems sufficient to account for the failure in Footnote b to observe
these lower A.P.'s.

! The indicated upper iimit in each case is a value which corresponds
to a transltion to the next higher spectroscopically allowed atomic level which
might have served as an A.P. if D were large enough, but wiiich actually
did mo! serve as an AP,

co o (050)2(muSP)A(7e5p)30,5p, Moy, state of I,
R, is 3.016 A. It is estimated [by comparison with R,
data on Cl; and on the ««:(x,5p)3, %1, state of Cl;*]
that the absence of one x,5p electron in this state of I
has been responsible for a shortening of R, by about
0.14 &, If this electron were present (¢« :x,Splo.Sp)
one would have an I;- state isoelectronic with the
ground state of Xe,*, with R,=3.16 A. But by Slater’s
rules, the effective nuclear charge Z.« governing the
size of the atom (radius a=agn?/Z ) is 6.75 for Xe as
compared with 6.10 for I. The estimated R, of Xe:*
is then (7.10/6.75)(3.16)=2.85 A. Admittedly the
procedure used to arrive at this estimate is crude, but
it is not absurd.

Recalling that the force constant k for the vibration
of a diatomic molecule is equal to 4x’cw2s, for w, in
cm}, and where p is the reduced mass (equal to m/2
for a homonuclear molecule), one may estimate

k(Xe:*) =[wd(Hert) /w,2(Ha) J(mue/mu) k(1a)
=0.58%(I,).

k(1s) is about 2.04 eV/A?, so k(Xe,*) is estimated as
about 1.18 eV/A2

With the estimates now available, a Morse curve
for A32,% of Xe;* was drawn, as shown in Fig. 1.
Polarization of Xe by Xet adds slightly to the attrac-
tion at large R values; this is also shown (exaggerated
in magnitude and range) in Fig. 1.

Next we consider the curves for states B, C, D of
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Xest. Configurationwise, states A and B differ
from each other in the same way as the ground
state +e(w,5p)4, 1Z,*, and the first excited states
see(1,5p.%.5p, ¥, of Iy. In Iy, the center of gravity
of the *'II, group of states, at R, of its ground state
(2.67 &), is about 2.15 eV above the energy of the
latter.® At a comparable R value for Xe;* (about
2.67X6.10/6.75 A=2.11 A) one might expect the
center of gravity of the B state to be slightly more than
this (say 2.3 eV) above the A state, because of the
higher Z 4t The fL;s, component of the B state should
be lower, the *II;;2 component higher, than the center of
gravity, by approximately 4a of Xe*, or §(®?Pip—2Pyps)
of Xet, or 0.44 eV.? The estimated positions of B l;p,
and B My, at 2.11 & are then 1.86 and 2.74 eV above
A. The curves for these two substates have been drawn
accordingly in Fig. 1.

States C and D are relatively unimportant for present
purposes, and only their general trend at large R values
has been indicated. The curves of the states and sub-
states, B, C, D are almost certainly repulsion curves,
except for a small polarization minimum at large R
values. Two additional much higher energy states
EZ+ and F?Z.;%, respectively, corresponding to
removal of a ¢.5s or a ,5s electron from configuration
(1b), are not shown in Fig. 1. Of these two states, F
must certainly be repulsive except for the weak polar-
ization minimum, while £ is almost certainly stable,
although probably less so than the ground state.

IIl. THE Xe; MOLECULE

The ground state of Xe,, aside from a van der Waals
minimum with a depth of about 0.024 eV and with an
equilibrium internuclear distance R, of about 4.4 A
is a repulsive state. The exact form of the repulsion
curve is uncertain. The lower part as shown in Fig. 1 is
related to an interpretation of spectroscopic data dis-
cussed in Sec. IV.

All the excited states of Xe;, like those of Hez, should
be Rydberg states, with the excited electron in a MO
much larger in diameter than the Xe-Xe internuclear
distance and closely resembling a UAO (united-atom
AO) except for a relatively small inner part lying within
the Xest core. The R, values and force constants of
typical stable Rydberg states should then be nearly the
same as corresponding quantities for the stable ground
state of the Xe,* ion. In Ha, Hes, N2, and NO, stable
Rydberg states show these characteristics-'%; only the
lowest stable Rydberg states of H; and He, show appre-
ciable (and even then, not very large) deviations of
these from those of the molecule~ion.

In accordance with the foregoing description, it is
appropriate to designate the structure of Rydberg
states of Xe; by using LCAO MO descriptions for the
Xest core electrons® (see the inset in Fig. 2) but using
a UAO description for the Rydberg MO. This state-
ment applies to internuclear distances R near or less
than R, of the stable state A of the core but for in-
creasing R values leading toward dissociation the UAO

description for the Rydberg MO gives way to an
LCAO description, while at the same time configuration
mixing becomes important. A discussion of these changes
is given for He; in an earlier paper.® Analogous changes
may be expected in Ney, Arz, Krz, and Xe,.

In He,s*, one stable state of configuration g,152 0,15 (A)
and one repulsion state of configuration o,1s a,15? (B)
are derived from the coming together of ground-state
He and He*. In an earlier paper,! it was concluded that
core A is associated with a set of He; Rydberg states
which on dissociation give one normal and one excited
helium atom (He and He*). It was also predicted that
core B, even though repulsive, gives rise to a set of
Rydberg states (a) of which the lowest have stable
minima; (b) all of whose potential curves on dissocia-
tion go asymptotically to a pair of ions: Het+He™, or
rather, Het+He-+e. [Further consideration,® how-
ever, indicates (1), that the B core states are higher in
energy and less stable than previously supposed,
because the potential curve of the B state of Hy*, as
computed by Gupta and Matsen,® rises much more
steeply at small R than was assumed in Ref. 1; (2), that
because of the noncrossing rule, many of the B core
states interact with the higher A core states so as in
effect to dissociate into He+He* while making many of
the higher A core states dissociate to Het+He™.]

With the heavier rare gases, matters must be more
complicated. Analogous to state A of Hes*, which is
reached by removing one electron from the anti-
bonding LCAO MO .15, there are fwo states 4 and B
which for Xes (see the inset in Fig. 2) are obtained,
respectively, by removing a ou5p or a »,5p antibonding
electron. Analogous to state B of Hes* there are two
repulsion states C and D, respectively, obtained by
removing a 0,5p or a =.5p bonding electron.?? In
analogy to Hey,® the Xe, states associated with both
A and B cores may be expected to dissociate to give one
normal and one excited atom (Xe+Xe*), while the
Xe; states associated with the C and D cores may be
expected to dissociate to a pair of ions: Xe*+Xe™, or
Xe*+Xe+e. The lowest-energy Rydberg states with
C and D cores may then be stable states like the lowest
of the states of He; with B core, but since these states
must be of relatively high energy, they will not be
further considered here. We then turn to the Xey states
with 4 and with B core. It seeins clear that the states
with 4 core are stable states but, because B is almost
certainly a repulsive state of Xe* (see Sec. 11 and
Fig. 1) yet the B-core states dissociate to Xe+Xe?,
it is probable that the states with B core are all or
mostly repulsive states. [In view of what was said at
the end of the last paragraph, the dissociation ccrrela-
tions of 4, B, C, and D core states may be less clear-cut
than just outlinerd above.]

To obtain potential curves for Xe,;, we proceed by
subtracting an appropriate estimated term value from
the energy of the appropriate (4 or B) potential curve
of Xes* at each R value near R, of state 4 of Xe,*.
Thus the shape of each Xe; curve in this R neighborhoad
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TasLE II. Observed term valussin em™X( 1078,

He atom Hep* N atom N;b NOe

25in 1525,35: 38.46 2sin3Z,*:  34.30 3s (average) 32.57 3sin E3Z,*: 29.93 3Jeind: 30.54
in 1525,15: 32.03 inlZ,*: 31.96 3p (average) 20.48 ina”1Z,*: 26.80
average: 35.24 average: 33.13 3sino'm,: 29.03

2p (average)  18.30 2px 3prin212,": 21.48 3prinC:  23.37

‘average): 28.98

3sin 1535,%5: 15.03 3priniL,t:  23.41 4pcin D3Z,*: 23.83 4poin D:  21.45

in1z,*: 21.00 in p'12,+:21.38 4dsin H: 12.04

iny',: 20.53 ddxin H: 12.02

3d8inF: 12.70

4fo, %, 8,4: 5.86

& The MO symbols here are UAO symbols, the corresponding LCAC
rymbols being 0425, my2p. and oy2s.

b JAO symbols are glven for 1he MO's; the corresponding LCAO sym-
bols are ggds, ®u3p. uls. The slates are: E 3T, * and a’” 1Z,* of configura-
1lon X 35, where X refers to the - - -w 40y, 1Z,* ground state of Ni*;0 1y is
A 3s, where A Is 1he -- .m0, !l siate of Ni*; 5 'Z,- is 4 3pw; D IZT,*
and ' 1Z,* are X 4po; y '\Il, I+ A 4po. For a’’, see B. L. Lulz, J. Chem.

is determined by that of the Xes* core curve. At larger
R values, the curves so obtained are connected smoothly
to appropriate asymptotes (see below). The first task
then is to obtain estimated term values.

The largest Rydberg term values should be for the
unpromoted MO’s 650, and 6px., which correlate as R
increases with the LCAO forms 0,65 and x,6¢, and the
promoted MO’s 7po., 7do,, and 7ds, whose LCAO
counterparts are ¢,6s, 6,69, and x,6p. All we can hope
to do at present is to make crude estimates of these
term values, guided by information on related or
analogous Rydberg te'm values c. other atoms and
molecules. For this purpose, some information on term
values of He, Hey, N, and N is listed in Table II. One
notes that the relation of molecular UAO to atomic AO
term values is rather similar for N; versus N as com-
pared with He; versus He. Also, the term values of 6s
and 6p in the Xe atom are not far from those for 3s and
3p in the N atom. In making estimates for the 6s, 6px,
and 7ps term values in Xe,, some consideration has
been given to the relative term values of 2s, 2pr, and

TasLE III. Observed term values for Xe and estimated values
for Xe;in cm™ 1073,

Xe atoms Xe; molecule

6s in 3Py46s: 30.28
in 3P ;56s: 31.67
average: 30.74

6p, average: 19.32

Sd, average: 16.63

6s inA 6s,3Z,*: 29
in 4 6s,1Z,*: 27
Gprin A Gpx
(average) : 0.3
Tpain A 7po,3Z.*: 24
inA4 7pe,1Z,*: 22

7des in A 7do

(average) : 16.5
7dwin 4 7dx

(average): 16.5
5d8 (average): 17.2

& Welghted mean values for states of ladicated kind.

Phys, 81, 706 (1969); for the other states see Ref. 18 ]but the energles oi
x and y have been revised on the basis of P. G. Wilkinson and R. S,
Mulliken, idid. 31, 674 (1959)].

% The states 4, C, ++ - are all doublet states, with ground-state (1Z+) NO+
core. The UAO symbols 35, 3px, 490, 4do, 4dx, 348, 4f0. 7, 8, ¢ correspond
to the LCAO symbols 03s, w3p, 0*3s, 03p, x*3p, 83d, and 029, w4/, 34f,
@4/. For data, see Ref, 18.

3pa of He, but greater weight has been given to those
of 3s, 3px, and 4po of N; because Xey more nearly
resembles N, in respect to the nature of the closed-shell
MO’s which are the precursors of the several Rydberg
MO’s.2 Some weight has also been given to the MO
term values of NO, which include 4 and f UAO MO’s.

Figure 2, which was drawn in 1958 or 1959, includes
all states and substates of the electron configurations
A 6s, A 6pr, A Tpa, and A Tdx located in accordance
with Table II. In drawing Fig. 2, it was assumed that
A 6s and A 7pa, since 6s and 7po correspond to o,6s
and ¢,6s, dissociate as R—ow to Xe*(.++5p%6s)+Xe.
Similarly it was assumed that 4 7pr and 4 7dx, which
correspond to 4 ».6p and A4 x,6p, dissociate to the
lowest sublevels of Xe*(- - -5p%6p) +Xe. Corresponding
assumptions were made for the states with B core.

The procedure just outlined does not always yield
potential curves for the individual states or substates
of Xe, but in general gives curves for the center of gravity
of the states of given core and given Rydberg MO.
For the A 6s, A 7po, A 1do, and similar states, one
expects a triplet state somewhat below, and a singlet
state somewhat above, the center of gravity, However,
in the cases of 4 67 and A4 7po, separate estimates of
term values for the triplet and singlet states have been
made in Table III, so that the Xe; curves are obtained
directly.

For the B 6s and B 6pa states we have @, s (Jj-like)
coupling between the 1, core, with its widely separated
M (lower) and *Mys (upper) substates, and the spin
of the Rydberg electron; this should result in patterns
of states approximately as shown in Fig. 2. For the
A 6px and A Tdx states the internal coupling of the
orbital moment of the 6px or 7dx electron with its own
spin is so strong (as one can see from data on Xe-atom
states with a 6p Rydberg electron) that the coupling
with the spin of the 4 ?Z,* core must be of s, v type
(again Jj-like) with resulting patterns of substates as
shown in Fig. 2, The spacings in these patterns have
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been based on the aforementioned Xe-atom 6p data,
and should be fairly reliable except for possible dis-
turbances by configuration interaction with neighboring
states of like far-nuclei case c symmetry.

As a final step, each potential curve is connected
smcothly with an appropriate atom-pair asymptote.
The latter is determined by first listing the far-nuclei
case c states'® obtainable for each given atom-pair
state. These are given at the right of Fig. 2; for example,
for 55?58, 2Py 065, J =2 (plus 552525, 1S, J =0), one has
one case ¢ state of each of the types 0,7, 0.7, 1,, 1,, 2,,
and 2,; this result is determined by standard correlation
rules.® Next, the lowest case c state of each species at
large R is correlated with the lowest of the same
species at R, and so on.

In Fig. 2 the rule that curves of the same species do
not cross has been followed except in one respect.
Namely, it has been assumed that potential curves
coming from atomic Rydberg states with a 6s Rydberg
orbital go only into molecular Rydberg states with a 6s
or 7pc MO (0,65 and ¢,6s in the LCAO region of R),
and those with a 62 Rydberg AO only into those with a
6px or 7dx (x.6p or x,6p) or (no! shown) a Tdo or
8fo (0,6p or a.6p) MO. This assumption results in a
number of crossings of curves of like species in Fig. 2.
Each of these crossings is marked by a dot. It is ques-
tionable, although more so or less so in different cases
and for crossings at different values of R, whether such
crossings should have been allowed in Fig. 2. They have
been allowed because it is believed that the wave-
functions of the curves involved in each such crossing
are sufficiently different so that, even though of the
same case c species, the interaction between them near
the crossing point may he small; also, because the forms
and identifications of the curves should in any event be
essentially correct except close to crossing points.

However, it must then be recognized that for an
otherwise stable state, all vibrational levels close to and
above a crossing by a curve with a iower-energy asymp-
tote (usually a repulsion curve) are unstable with
respect to dissociation or predissociation along the
latter. This fact is important for the spectroscopic
behavior of the states involved (see Sec. IV).

A further point is the foliowing. On the basis of
experience obtained with Hey!' some of the curves in
Fig. 2 should be modified in one respect. Namely, those
states which involve promoted MO’s (but not those with
unpromoted MO’s) should have major humps (maxima)
in their potential curves, similar to and for the same
reasons as in corresponding curves of He,. The most
important unpromoted Rydberg MO’s for Xe, are 6sq,,
7pr., and 5db,, correlating, respectively, as R increases
with the LCAO form ¢,6s, 7,2p, and 8,5d. The most
important promoted Rydberg MO’s for Xe, are 7po.,
7do,, and 7dx, which, respectively, correlate with
LCAO MO forms 0.6s, ¢,6p, and x,6p. The expected
humps for the promoted MO states are nof shown in
Fig. 2, which was drawn prior to the realization of the

need of such humps, but the reader should add them to
the figure.

Some further points concerning the forms of the
curves at large R values must be discussed. For those
atomic states which are the upper levels of atomic
resonance lines such as A1470 and A1296, first-order
dispersion forces* must cause appreciable splittings
into distinct case c states already at R values much
larger than those where valence forces become appre-
ciable. The atomic states in question are the J=1
states of (5P, *Ps;)6s and (5p%, *Pyp)6s, which both
are of mixed ¥Py, 1P character. The shifts of the four
case ¢ molecular levels which arise from either of the
two J=1 levels under discussion are given approxi-
mately by

k(Ry/v)f
R

where k=-}2, 41, —~1, and —2 for the 0,%, 1,, 1,, and
0.* case c levels, respectively. Here R and AE are in
atomic units (1a.u.=27.2eVfor AE,1a.u.=0.529X10-%
cm for R), Ry is the Rydberg constant (109 737 cm™1),
v is the wavenumber, and f the oscillator strength of the
absorption line leading to the /=1 level considered.

At smaller R values, the effects of the first-order
dispersion forces become swamped by those of the
valence forces, and the curves in Fig. 2 were drawn
accordingly. However, when Fig. 2 was drawn, it was
assumed that the valence interactions begin to be
appr.ciable only at about 4 A. On further considcration,
however (as can be secn from some of the discussion in
Ref. 24), it was evident that they should become com-
parable with the first-order dispersion energies near
SAor perhaps even at 5.5 A.

As noted above, the dispersion energies are propor-
tional to the absolute f values of the resonance lines.
Experimentally, f=0.26 for the 1470-A line and f=0.25
for the 1296-A line.® However, Fig. 2 was drawn before
these values were known, and estimated values of
0.285 and 0.500, respectively, for A 1470 and \ 1296
were used as a basis for drawing the curves in Fig. 2.
so that the first-order dispersion splittings showu in
Fig. 2 are about 509, exaggerated in the case of the
curves dissociating to the 2P;n6s, J=1 atomic level.
At R=452, Eq. (4) gives the following shifts for the
four case ¢ levels:

0,%, +0.037 eV; 1,, +-0.019¢V; 1,, ~0.019 V;
0., —0.037 eV for A1470,

0,%, +0.031 eV; 1, +0.016 ¢V; 1,, —0.016 ¢V;
0.%, —0.031 eV for A1296.

AE= (1)

(3)
As can be secn from Fig. 2, these first-order dispersion
shifts very often give rise to a hump in an attractive
curve, or to an appreciable minimum at large R in an

otherwise repulsive curve.
As has already been mentioned, Fig. 2 was drawn in
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1959 using somewhat different Xe; term values than
those listed in Table III, and with some differences in
other data or assumptions. However, in view of various
uncertainties, especially in the estimated term values
of ‘i'able III, it has not seemed worthwhile to redraw
it. The principal changes needed to bring Fig. 2 into
agreement with the term value estimates of Table III
are that at R, of Xes* the energies for the various
potential curves should be increased by the following
amounts in 10® cm™1: 4 6s, 3Z,*, 0.9; 4 6s, 1Z,%, 2.1;
A Tpo, 32,1, 1.0; A Tpo, 1Z,%, 2.2; 4 6px (average),
2.8;: A 7dr (average), 1.6; B 365, 1.3; B Myplpo, 1.4;
B ML26s, 1.2; B#L7po, 1.3. Further, it is possible
that A 7ds should oce::py the place occupied by 4 7dr
in Fig. 2; in that eveat, the asymptotic correlations of
their potential curves would need to be rearranged
using the noncrossing rule in terms of case ¢ states
connected with 2Py0p atomic states. Also, it is probable
that a 546 (with LCAO correlate A8g5d) should lie
below A 7de and A 7dx; according to the rules followed
in drawing Fig. 2, it should be correlated with atomic
states 1,54 not shown in Fig. 2 and lying somewhat
above the ;20p levels shown. Further, the case c
splittings for the J=1, 2P 65 atomic level should be
decreased to about  the values shown, to make them
agree with (5). Finally, there should be pronounced
humps in the states whose Rydberg MO’s are of
promoted type (in particular for the states of con-
figurations A 7po and A 7dx). Regarding Fig. 1, this
has been redrawn in accordance with the estimates and
specifications of the present paper.

IV. SPECTROSCOPIC APPLICATIONS

The molecular spectra of the heavier rare gases in
the vactum ultraviolet apparently all follow a similar
pr’.:rnd Most conspicuous is a continuous emission
r. - 'on extending from close to the first resonance line

[oeontt, 2Psp(a+1)s]rar—e - o npt 1S

toward longer wavelengths. This continuum shows two
major peaks, commonly referred to as the “first con-
tinuum’—-nearer the resonance line—and the “second
continuum”—at longer wavelengths. Under rather
usual circumstances the first continuum is modulated
by a series of diffuse bands. Under suitable conditions,
these or similar bands are observed in absorption; at
relatively high pressures the first continuum in emission
can be more or less completely ‘“eaten up” by this
absorption. In general, the first continuum is favored
by a silent or uncondensed discharge, the second by a
disruptive condensed discharge and relatively high
pressures (up to 1 atm), especially for the lighter of
the heavy rare gases. Both continua are increasingly
stronger in the order Xe;>Kr> Ar:> Neg?
Associated with the forbidden atomic transition

[ nps, 2Pyp(n41)s]sas— -+ nph, 1S

in Kr; and Xe,, an emission band has been observed as
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an intensification in the first continuum,® and in An
a corrcspunding absorption band.® No emission or
absorption associated with the second forbidden
transition

[eeonp®, 2Pip(n+1)s]sm0—+ . nph, 'S

has been observed.
The second resonance line

[' ¢ '"P‘; ’Pm(n+l)s],_,-. . .,,Po’ 1

in emission is only moderately broadened, toward both
shorter and longer wavelengths. In Ar; under conditions
in which the two continua associated with the first
resonance line are strongly developed, absorption
bands have been observed® on the long-wavelength side
of the second resonance line but extending only a
limited distance from it. In the ultraviolet spectral
regions farther in than the second resonance line there is
very little observational evidence, except for absorption
bands of Ar,.*

Following are some more specific details on the Xe;
spectrum. The resonance lines of the Xe atom are at
1470 and 1296 A (cf. Fig. 1). When the emission spec-
trum is excited in xenon gas, the 1206-3 line broadens
somewhat (a few angstroms on both sides) as the
pressure is increased, while the 1470-3 line broadens
tremendously toward longer wavelengths but only a
little toward shorter wavelengths.? At 1 torr pressure
the 1296-A line is still sharp, while at 50 torr a series of
at least 12 weak diffuse absorption bands extending
from 1483 to 1400 4 is seen superpesed on the emission
continuum,® while at 1491 & there appears to be a
distinct emission band rising somewhat above the
coutinuum.** The broad continuum, which at high
pressures (e.g., 350 mm) extends weakly to 2250 A,
is seen under suitable conditions to consist of two parts:
the first starts at the resonance line and falls off
gradually in intensity toward longer wavelengths,
overlapping the second which has a broad rather
symmetrical maximum near 1650 A. At low pressures
only the first continuum appears, at high pressures the
second is favored, while self-absorption by the 1470-3
line and the adjacent bands eats up the shorter wave-
length end of the first continuum. Under special
conditions (e.g., 10 mm pressure, disruptive discharge),
the spectrum consists mainly of the first continuum
plus a series of diffuse emission bands degraded toward
shorter wavelengths, between 1584 and 1621 A o

All the phenomena just summarized appear to be
explainable in terms of Figs. 1 and 2 together with
expected sclection rules and intensity relations. The
first continuum in xenon, since it starts near A\1470
and extends toward longer wavelengths, may be
attributed (see Fig. 2) in part to transitions from
higher vibrational levels of the A4 6s, 'Z,* state to the
repulsive ground state. The transition should be strongly
allowed in the Xe; molecule, somewhat less so at large
R values as dissociation is approached. (In krypton,
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argon, and neon, the transition is decreasingly strongly
allowed at large R values as the coupling gets more
L,S-like.) The shortest-wavelength parts of the first
continuum must come from vibrational levels close to
the dissociation limit (5%, 2P;46s):, while the absorp-
tion bands between A1483 and A1500 must represent
transitions up to these same levels.¥ The emission
spectrum may be explained by electron impact excita-
tion of atoms followed by formation of 'Z.* molecules
in three-body collisions. In further collisions, vibra-
tional energy is lost leading to lower vibrational levels
of the 'Z,* state, thus accounting for the longer-wave-
length parts of the first continuum. The usual absence
of sharply defined bands is perhaps understandable in
terms of extensive overlapping of transitions from upper
vibrational levels to . number of low-frequency vibra-
tional levels of the ground-state van der Waals Xe,
molecule,

Although the first continuum in Xe, starts at A1470,
it becomes intensified at A1491, which is exactly the
position of the forbidden line (5p%, 2P3s6s) 584, 1S,
as Tanaka has pointed out.?% According to Fig. 2, this
position is the asymptote of the potential curve of the
A 6s, 3Z,* state of Xes. It appears then that the first
continuum in Xe, includes emission from higher vibra-
tional levels not only of the 4 6s, 'Z,* but also of the
A 6s, 3Z.* state, transitions from the latter to the
ground state of Xe; being allowed because of the very
strong spm—orbxt couplmg in Xes. An analogous
A 55,32, emission in Kr, is indicated by the presence
of a \1250-A band.*

The broad and flat second continuum of Xe; with
maximum near A 1650 may be ascribed mainly to transi-
tions from the lowest vibrational levels of the 4 6s,3Z,*
and A 6s, 'Z,* states. The fact that the second con-
tinuum is favored by high pressures suggests that it
may in part be produced like the first continuum by
excited molecule formation from J=1 and J=2
S5pb, 2Py pbs excited atoms,® followed by many collisions
which deprive the excited molecules of vibrational
energy. However, the fact that the second continuum
is favored by a condensed discharge suggests an
additional or alternative mechanism, namely capture of
electrons by Xes+ ions which have been formed by the
Hornbeck-Molnar process* (Xe*+Xe—Xert+e, see
Sec. II) after Xe atoms have been excited to relatively
high-energy states. By cascading down from initially
formed higher-energy Xe,* states, with emission in the
visible and near ultraviolet, the A4 6s, !Z,*, and 3Z,*
states are reached, and these then give rise to the second
continuum. However, an inspection of Fig. 2, and the
lack of evidence of discrete bands in the visible and
near ultraviolet, raise doubts as to whether an effective
cascade is possible. On the other hand, the occurrence of

“dissociative recombination” of electrons (Xeyt+e—

Xe*+Xe) seems probable.

Tanaka and others? earlier proposed that the second
continuum in all the heavier rare gases is due mainly to
transitions from the lowest vibrational levels of 4 ns, 32+
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to the ground state. The progressive marked decreasc
in intensity of the rare-gas continua in the order
Xes>Krs> Ars> Ney is then explained by the decreasing
transition probability of the intersystem transition
involved. However, this explanation involves the
assumption that 4 #s, 3Z,* molecules are soon quenched
somehow if they do not emit promptly, and the ex-
planation is thus seriously npen to doubt. It seeins more
likely that the decreasing strength of the second and
first continua in the order from Xe; to Ne; is u result of
some aspect of the excitation mechanism. (Also it is
open to some question as to whether the second con-
tinuum results mainly from transitions from 4 ns, 3Z,*
or may also be due to an important extent to transitions
from A ns, 1Z,*.)

However this may be, the position (A1650) of the
maximum of the second continuum of Xe; may plausibly
be taken as a measure of the Franck-Condon vertical
energy difference between the most probable emitting
vibrational levels of the A4 6s, 3=+ and/or 'Z,* state
and the potential curve of the ground state. A1650
corresponds to a vertical distance of 7.49 eV. Fig. 1
has been drawn with a reasonable form for the ground
state curve; this results in a vertical height of 7.0 eV
from the latter to v=0 of 4 65, 3Z,*. The maximum of
the second continuum then corresponds to an excitation
of 0.5 eV above v=0 of 4 6s, 3Z,*.

The series of well-defined diffuse Xe; emission bands
between 21584 and A1621 obtained by Tanaka® with a
condensed discharge at 10 torr may correspond to
conditions intermediate between those which produce
the firrt and second continua. These bands may perhaps
represent transitions from low vibrational levels of
A 6s, 1Z,%, and/or 3Z,* down to vibrational levels of
the van der Waals molecule Xe,. The fact that they are
degraded toward higher frequencies is in agreement
with what is then expected from Fig. 1.

Turning now to higher frequencies, consider the
second metastable atomic level (*P1p6s)s—0 of Xe in
Fig. 2. Associated with this level should be two molecu-
lar potential curves of 0,~ and 0, character. However,
transitions between these and the ground state are
rigorously forbidden by the molecular selection rules.
Accordingly, no bands associated with this atomic level
are expected; none are found, and the forbidden atomic
transition to this level is also absent as expected.®
This contrast to the behavior at the (2P326s) -2 level is
in striking confirmation of what is expected theoreti-
cally.

In the case of the Xes resonance line A1296, which
involves the atomic level (2Py46s)s-1, two associated
molecular transitions are predicted. According to Fig.
2, allowed molecular transitions should occur for a
0,* and a 1, state, both of them repulsive at small R.
However, as a result of first-order dispersion forces,
the 1, state is pushed up somewhat even at large R
values, while the 0,* state is pushed down so that it
should have a minimum of appreciable depth [perhaps
0.05 eV: cf. Eq. (5)]. These two effects should lead to a
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broadening of A1296 toward both high and low fre-
quencies but without the appearance of any extensive
system of bands such as extend to long wavelengths
from M470. What is observed is exactly as predicted
here. A corresponding observation has been made by
Tanaka and Yoshino® in connection with the absorp-
tion bands associated with the second resonance line of
argon (analogous to A 1296 of xenon), namely there are
on the low-frequency side of the resonance line a
limited number of bands belonging to a 0.052 eV deep
Ar;* potential minimum, while there is on the high-
frequency side just a broadening of the line.

Just as for the A1296 line, molecular transitions
involving a 0,* and a 1, state are predicted for the Xe;
resonance line N470. The first continuum and bands
associated with the 0,%(A4 6s, 'Z,%) state have already
been discussed. In contrast to its extensive broadening
toward longer wavelengths in the first continuum, the
A1470 line is broadened only by several angstroms
toward shorter wavelengths. This behavior is under-
standable from Fig. 2, according to which the 1, state at
small R is a repulsion state, but at large R is slightly
elevated [perhaps 0.03 eV at R=4 A—cf. Eq. (5)] by
first-order dispersion forces.

The He; molecule shows both a strong continuum in
the vacuum ultraviolet and structured band systems in
the visible and near ultraviolet. The heavier rare gases
show analogous vacuum-ultraviolet continua, but in the
visible and near ultraviolet no structured bands have
been identified with certainty. Extensive continua in
this region are known for all the heavier rare gases, and
these show a certain amount of diffuse structure but
not much evidence for discrete bands. However,
Wilkinson and Tanaka?® report in the microwave-power-
excited Xe; emission spectrum, in addition to a back-
ground continuum extending from A 2500 throughout
the visible, a series of closely spaced bands at A 3080,
also strong maxima at A 4600 and near A 7000, and a
sharp band near A5200. Other workers®* report spectra,
presumably of Xes, of varying appearance in these
wavelength regions. Under more severe conditions of
excitation, the heavier rare gases give strong continuous
spectra in the visible and near ultraviolet which are
attributed to freefree and free-bound electronic
transitions rather than molecular transitions.

Prince and Robertson® for all the heavier rare gases
have obtained continua, from the positive column of a
discharge, which they attribute to diatomic molecules.
These extend from below A 2900 throughout the visible,
with a major peak near A 3000 and indications of other
minor peaks; the spectra are more or less similar for all
the rare gases, with intensities in the order Ars> Xe;>
Krs> Ne;. Prince and Robertson conclude that these
spectra result from electronic excitation of metastable
molecules to higher energy molecular states. ‘Nichols
and Vali¥ in a study of the Xe; continuum concur with
this conclusion. Also they arrive at 107 sec for the
lifetime of Xes* molecules emitting at about 4350 A.

It is somewhat difficult to reconcile the foregoing
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observations with what one must expect theoretically.
However, the absence in the visible region of discrete
bands like those of He, is probably understandable in
terms of Fig. 2. On the basis of this figure, allowed
transitions giving discrete bands should probably
include, among others, transitions from 0.* of con-
figuration A 7dx to 0, and 1, of 4 6px and 4 7ps, and
from 0,+, 1,, and 0,~ of 4 6px and 4 7ps to 0,*, 0,~,
and 1, of 4 6s, but these should lie rather far in the
infrared. Discrete bands involving higher electronic
levels with 4 and B cores cannot be predicted from Fig.
2, but are perhaps improbable. States whose potential
curves in Fig. 2 are crossed by other curves of the same
species, with crossing points indicated by dots in Fig. 2,
are expected to be unstable toward dissociation or
predissociation except perhaps for some of their lowest
vibrational levels. In general, Fig. 2 makes under-
standable the absence of discrete band spectra in the
visible and near ultraviolet, but definitely predicts that
some such spectra should be present in the infrared
(say at 2or 3 u).

A difficulty is the occurrence of continuous emission
in Xe; at ultraviolet wavelengths below about 23500,
and of the bands reported by Wilkinson and Tanaka
near A3080. According to Fig. 1 and Table III, the
energy of the Xes* ion above the state 4 6s, 3Z,% (see
Fig. 1) is 29000 cm™!, which corresponds to A3450,
and all Xe, transitions involving Rydberg states with
A core should come at longer wavelengths than this.
For B core states, the available range extends to the
difference in energy between Xe*+e¢ and 4 6s, 3Z,*
which corresponds to about A2700. Although B core
states (at least the lowest ones) are repulsive according
to Fig. 2, some of them may have shallow minima at
large R values from which transitions can occur. As
already discussed above, first-order dispersion minima
occur for some states, e.g., the 0,* state derived from
(2Py265) s—1; however, such minima would be less and
less pronounced for analogous higher-energy states.
Nevertheless, it wonld seem that there should be a
minimum due to classical polarization by the Xe* core
of the excited atom when a highly excited atom and a
normal atom come together to form a molecular state
corresponding to any sort of core (4, B, C, or D) ; note,
however, that the model of a molecular core with a
definite MO configuration plus an electron in a Rydberg
MO loses meaning at large R valu=s.® The nature of
the high-energy molecular states postulated by Prince
and Robertson and required to explain the short-wave
parts of the molecular continua of Xe; and also of the
other heavy rare gases, must here be left an open
question.

Prince and Robertson’s conclusion (after they had
rejected three alternative proposals) that the spectra
they observed result from electronic excitation of
metastable molecules is open to a very serious objection,
namely that according to Fig. 2 there are no Xe; states
with expected lifetimes long enough to class them as
metastable. Because of very strong spin-orbit coupling,




ROBERT S. MULLIKEN

the 3Z,* lowest excited state of Xe, must be fairly
short lived, and no one of the higher-energy states in
Fig. 2 or predictable in the same way as those in Fig. 2
is metastable. Corresponding statements hold for the
other heavier rare-gas molecules except perhaps Nes.
Hence it seems that Prince and Robertson’s reasoning
on the mode of excitation of heavier rare-gas continua
in the optical region needs to be re-examined.

V. SPECTRA OF CONDENSED PHASES

Several studies of emission® and absorption® spectra
of liquid and solid heavier rare gases in the vacuum
ultraviolet show considerable resemblances to. gas-
phase spectra. In the case of the emission spectra, the
emitters may probably be described as diatomic
molecules embedded in the liquid or solid matrix.
However, correlations of the condensed phase spectra
with the gas spectra are not easy and will not be
attempted here.

* This work was assisted by the General Electric Company,
Space Sciences Laboratory, King of Prussia, Pa. and by the
Office of Naval Research, Physics Branch, under Contract No.
N00014-67-A-0285-0001 with the University of Chicago.
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I. Introduction

In homonuclear diatomic molecules like H; or O,, the “bonding”
electrons are shared equally by the atoms. Bonds of this type are called
homopolar or covalent; however, the latter term is not completely
satisfactory, since it is used differently in valence bond treatments of a
molecule. In heteronuclear diatomic molecules like HF or LiH and in
almost all polyatomic molecules, the ‘‘bonding” electrons are not
shared equally by the two atoms connected by a bond. Bonds of this
type, which are called heterovalent or, better, heteropolar, will be

* This work was supported by the Advanced Research Projects Agency through the
U.S. Army Research Office (Durham) under Contract No. DA-31-124-ARO-D-447,
ARPA Order 368, ARO-D Project No. 3835-P, and by a grant from the National Science
Foundation, GP-6445.
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discussed here in some detail. To do this we will start with some
empirical considerations and concepts like electronegativity and ionic
character. These concepts will be scrutinized later in qualitative dis-
cussions based on the simple forms of a valence bond and molecular
orbital picture. Finally, we will see how these concepts appear in the
light of a quantitative charge-distribution analysis of good Hartree-Fock
functions of diatomic molecules.

Generally, in a heteropolar bond, one atom, the more electronegative
one, withdraws electronic charge from the other atom, the less electro-
negative one. Therefore, the bonding electrons are unequally distributed
between the two atoms, and the bond thus formed has some ionic
character and a bond dipole moment. Can we determine the amount
of the charge transferred from the less electronegative to the more
electronegative atom? If yes, we could say how ionic the bond is, and
how large the bond dipole is. However, such a determination cannot be
done unambiguously, and the reader should be aware from the outset
that concepts like electronegativity and ionic character, though very
helpful in qualitative discussions and considerations, defy unambiguous
quantitative definition and determination.

Heteropolar bonds range from one extreme where the bonding elec-
trons are shared almost equally, as in the C—H bond, to the other
extreme of the almost ionic bond, as in LiF, where one atom, F, has
become almost a negative ion, while the other, Li, is left almost a
positive ion. The transition between these two extremes is continuous:
any intermediate shade may be realized. Discontinuous changes in
ionic character may be found in transition-element complexes if the
transition-element changes its oxidation number. We will not elaborate
on this.

II. Empirical Considerations and Concepts

A. IoNic BonDs

If an atom with a low ionization potential, such as an alkali or alkaline
earth, forms a bond with an atom which has a high electron affinity,
such as a halogen, then the bond formed will be highly ionic. Such ionic
bonds may be treated adequately by classical means without any resort
to quantum mechanics. The principal contribution to the binding
energy is the Coulomb attraction between the positive and negative ions
formed. This attractive force will be counterbalanced at the equilibrium
internuclear distance by the repulsion of the two ionic cores. If these
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cores are considered hard, and not polarizable, then the potential energy
function per bond for the reaction

MX, = M** + nX- (2.1)

in gas phase may be written, following Pearson and Gray (1963), as

E(R) = —% - %, + bexp (—aR). (2.2)
Here, R is the internuclear distance, a, b, and d are constants which
may be evaluated from virial coefficient data, and f is a geometric factor
which is 1.00 for diatomic, 1.75 for symmetrical linear triatomic, and
2.44 for symmetrical trigonal planar tetraatomic molecules. The first
term in Eq. (2.2) gives the Coulomb attraction of the positive and
negative ions. The second term represents the van der Waals interaction
of the ionic cores; its presence shows that the ion cores have not been
considered as completely unpolarizable. The last term represents the
repulsion of the ion cores, derived from a Buckingham potential. It is
possible to calculate from Eq. (2.2) the equilibrium internuclear distances,
as shown by Frost and Woodson (1958), as well as dissociation energies
for highly ionic compounds. For dissociation energies to neutral atoms,
Eq. (2.2) needs to be corrected by the appropriate ionization potentials
and electron affinities.

In general, we expect that the negative ions in such a molecule will be
highly polarized by their positive neighbors. The polarization of the
positive ions may be neglected due to their much lower polarizability.
This polarization of the negative ion is taken into consideration by
writing the energy function per bond, following Rittner (1951) and
Basolo and Pearson (1958), as

ER) = -L S 2

R 2R + B9 T R (2.3)

The first term here is the same as in Eq. (2.2), « is the polarizability of
the negative ion, and #n is anotlier geometric factor which is 0.00 for
diatomic, 0.25 for linear triatomic, and 1.01 for trigonal planar tetra-
atomic molecules. The ion core repulsion is represented here by the
term B/R°, where B is to be evaluated by setting 0E/oR = 0 at the
equilibrium internuclear distance. It is clear then that Eq. (2.3) cannot
be used to calculate the internuclear separation.

Equations similar to Eqs. (2.2) and (2.3) are used to evaluate the
energy of ionic crystals, where the geometric factor f has to be sub-
stituted by the Madelung constant. The reader is referred to Ketelaar
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(1958) for a more detailed discussion of the ionic bond. We will turn our
attention to heteropolar bonds, which are less 1onic and therefore cannot
be approached starting from an ionic model.

B. ExTrA IoNIC RESONANCE ENERGY

We have seen that bonds which are highly ionic can be adequately
described starting from the model of two interacting ions. The correction
for the polarized negative ion allows for some reduction in ionic
character, since the positive ion will polarize the negative ion such that
the center of the negative charge on the negative ion will be shifted
somewhat toward the positive ion. It is only natural to approach bonds
which are only clightly ionic from the other extreme, the covalent bond
found in homonuclear molecules. Thus, Paulirg (1932a,b) wrote the
dissociation energy D,y of a heteropolar single bond A—B as

D, = 3{Dpp + Dgp) + dyp, (2.4)

the arithmetic mean of the homonuclear single-bond dissociation
energies D,, and Dgy plus a correction term, 4,5, which he called the
extra ionic resonance energy. One expects the extra ionic resonance
energy to be positive in all cases; that is what is found, with the only
exception being the alkali hydrides, for which 4,5 is found to be negative.
If the geometric mean is substituted for the arithmetic mean, giving

DA*, = (DAADBB)llz + A’AB’ (2~5)

then the extra ionic resonance energy, 4j5, is found to be positive in all
cases (Pauling and Sherman, 1937; Pauling, 1960). In Table I, some
values for 4,5 and 4,5 are listed.

C. ELECTRONEGATIVITY

Pauling (1932a,b) found empirically that V4,5 is an additive
quantity which is characteristic for the atoms A and B, i.e.,

Vo % VA + V. (2.6)

Table IT shows how well Eq. (2.6) is satisfied for 4,5 and 4)5. Guided

by this relation, Pauling proposed to set V' 4,5 proportional to the
difference of two numbers characteristic for the atoms A and B, and he
called these numbers electronegativity. Thus

Ixa — xa| = 0.208v/4,5 (2.7)
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TABLE 1¢

XA XB 4 & DAB .’AB DX':’;‘” dthoo dexp kthao koxp

104 104 104 0.7417 0.7417 8.88 5.76
37 ¥ 37 1.409 1.409 799 4.77
57 57 57 1.988  1.988 332 3.24
45 45 45 2.283  2.283 235 245
36 36 36 2.66 2.66 1.83 1.71
24 24 24 2.673  2.673 0.59 0.26
17 17 17 3.078 3.078 0.50 0.17
12 12 12 3923 3923 0.44 0.10

Hg 221 221 0
¥, 390 390 O
Cl, 295 29 O
Bry 262 262 O
I, 252 252 O
Liz 084 084 O
Nay 074 074 O
K, 0.77 077 O

COoOOoCOCoOO0OC

LiH 084 2.21 43 58 107 108 58 1.58 1.595 1.62 1.024
NaH 074 221 50 67 110 109 50 1.78 1.886 1.23 0.781
KH 0.77 221 48 64 106 99 45 2.20 2.244 1.04 0.562
HF 221 390 66 88 136 150 135 0.92 0.917 9.87 9.65
HCl] 221 295 13 17 93 %4 103 1.30 1.274 504 5.1
HBr 221 262 4 5 78 73 86 1.47 1.414 402 4.12
HI 221 252 2 2 72 63 71 1.67 1.604 328 3.14

LiF 0.84 3.90 216 289 245 319 136 1.76 1.564 238 250
NaF 074 3.90 231 308 258 330 114 1.96 1.926 1.68 1.93
KF 0.77 3.90 226 302 251 323 117 2.38 2.171 1.49 1.39
CIF 295 390 21 28 68 74 60 1.61 1.628 5.36  4.45
BrF 262 390 38 50 79 91 60 1.73 1.755 440 4.09
IF 252 390 44 59 80 95 67 1.91 — — —

LiCl 0.84 295 103 137 143 174 112 2.14 2.022 145 1.404
NaCl 0.74 2.95 113 151 150 182 82 233 2.36 1.12  1.082
KClI 0.77 295 110 147 144 173 91 2.76 2.79 0.96 0.865
BrCl 262 295 2 3 53 54 53 2.10 2.136 2.78 284
ICI 252 295 4 6 51 51 50 2.28 2.33 241 236

LiBr 0.84 262 73 98 108 131 102 2.32 — — —
NaBr 0.74 2.62 82 109 113 137 86 2.51 2.502 0.99 0.959
KBr 0.77 ‘262 79 106 108 129 91 2.94 294 0.86 0.702
IBr 252 262 0 1 41 41 42 2.46 2.47 207 204

Lil 0.84 252 65 87 95 116 81 2.52 — — —
Nal 0.74 252 73 98 100 123 73 2.7 2.90 0.84 0.938
KI 077 252 71 94 94 115 77 3.13 3.23 0.77 0.526

% xa and xp are the electronegativities of atoms A and B, respectively [from Hinze and
Jaffé (1962)]. The extra ionic resonance energies from these electronegativities are
4 = (4x/0.208)2 and 4’ = (dx/0.18)2. The calculated dissociation energies are given in
kcal/mole as Dag = ¥(Daa + Usp) + 4 and Djp = (DaaDsp)*’* + 4. The bond
distances, dineo, in A, are calculated using Eq. (2.14), and the stretching force constants,
Rineo, in (dynf/cm)- 103, are calculated using Eq. (2.15).
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TABLE 11

SOME EXAMPLES OF THE ADDITIVE NATURE OF V4 AND V &’

V3 Ve

HF 8.0 8.5

HCI + CIF 4.7 + 3.6 = 8.3 51+ 37=2838
HBr + BrF 354+44=179 42 + 44 = 8.6
HI + IF 1.0 + 5.5 = 6.5 3.2 + 55 =87
HCl 4.7 5.1

HBr + BrCl 35 +14=49 42 + 1.7 =359
HI + ICl 1.0 + 2.0 =3.0 32+ 22=154
HBr 3.5 4.2

HI +'IBr 1.0+ 14 =24 3J2+14=46
IF 5.5 5.5

IC1 + CIF 2.0 + 3.6 = 5.6 22+37=159
IBr + BrF 1.4 4+ 44 =5.8 14 + 44 =538
. BrF 4.4 4.4
BrCl + CIF 1.4 4+ 3.6 = 5.0 1.7 +3.7=54
IC1 2.0 2.2

IBr + BrCl 14+ 14 =238 14 + 1.7 = 3.1

where x, and yg are, respectively, the electronegativities of atorhs A
and B, and the proportionality constant, according to Pauling, has been
chosen to transform from kcal to eV.

Pauling defined electronegativity in words as the power of an atom
in a molecule to attract electrons to itself. How such a measure can be
obtained in the way described appears on first sight miraculous; how-
ever, we will see the required connections in the later qualitative mole-
cular orbital discussion of the heteropolar bond. Using Egs. (2.4) and
(2.7), Pauling succeeded in setting up a relative electronegativity scale
for the elements, which he fixed by arbitrarily assigning the value
xu = 2.1 to hydrogen.* This yielded the following simple numbers for
the electronegativities of the first row elements: yg = 2.0, xc = 2.5,
xn = 3.0, xo = 3.5, and yr = 4.0. Equation (2.5), which overcomes the
problem of a negative extra ionic resonance energy for the alkali hydrides,
has apparently not been used to calculate electronegativities.

An absolute electronegativity scale was arrived at by Mulliken (1934),
who considered the resonance structures

A*B- < A—B— A-B*

* Professor Mullixen pointed out to me that Pauling’s original choice was yy = 0,
which he changed after the publication of Mulliken’s absolute electronegativity scale to
xu = 2.1; thus, this choice may not have been so arbitrary.
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of a molecule A—B. The energy required for the transition A—B —
A*B- is I, — Ejg, the ionization potential of atom A minus the electron
affinity of atom B. The required energy for A—B — A"B* is Iy — E,.
If both ionic structures contribute equally to the resonance hybrid,
then we can say that A and B have the same electron attracting power.
Thus we are led to the condition

IA - EB = IB - EA (2.8)

as a necessary requirement for the equal electronegativity of the atoms
A and B. In the preceding discussion, we have ignored the interaction
energy of A and B as well as the ion-pair interactions. These contri-
butions would appear equally on the right and left side of Eq. (2.8)
and therefore cancel. The necessary condition for equal electronegativity,
Eq. (2.8), may be rewritten:

IA + EA = IB + EB' (2.9)
This led Mulliken to suggest
Xa = s + E,) (2.10)

as an equation defining an absolute electronegativity value of an atom.
It must, however, be kept in mind here that I, and E, are not the ioniza-
tion potential and electron affinity of atom A in its ground state, but are
these values in its valence state (Mulliken, 1935), or better, of that orbital
of A which forms the bond. For this reason, the term orbital electro-
negativity has been suggested by Hinze and Jaffe (1962).

Equation (2.10) has been used extensively for the evaluation of orbital
electronegativities from valence state ionization potentials and electron.
affinities by Skinner and Pritchard (1953), Pilcher and Skinner (1962),
and Hinze and Jaffe (1962, 1963a,b). These values correlate well with
Pauling’s electronegativities as well as with those electronegativity values
obtained by other relations. We will not go into the details of the multi-
tude of different electronegativity relations, nor do we want to discuss
the physical meaning of electronegativity. Suffice it to state that electro-
negativity is an empirical concept which has become extremely useful in
qualitative chemical considerations, but which defies an exact quantitative
physical definition. These matters have been reviewed extensively by
Pritchard and Skinner (1955) and more recently by Hinze (1968).

One more electronegativity definition, which is a generalization and
refinement of Mulliken’s formalism, should be mentioned, since it will be
useful later in discussing ionic character. Here, electronegativity is defined
as a potential and is obtained from the derivative of the energy of ar: atom
with respect to its charge (Iczkowski and Margrave, 1961), or orbital
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electronegativity is obtained as the derivative of the energy of an atom,
W, with respecv to the occupation number, n, of the orbital under
consideration (Hinze et al., 1963);

x(n) = oW/on. (2.11)
The energy of the atom is expanded into a power series of n,
W(n) = a + bn + cn?, (2.12)

in which the constants a = 0, b = }(3] — E), and ¢ = {(E — I) are
determined by setting W(0) = 0, W(1) = I and W(2) = I + E, with
I and E the orbital ionization potential and clectron affinity, respectively.
From Egs. (2.11) and (2.12), we directly obtain the following for the
normal orbital electronegativity:

x() = @W/[en),., = b + 2c = ¥(I + E). (2.13)

For empty, virtual orbitals one obtains x(0) = 4(31 — E), and for
doubly occupied orbitals the result is x(2) = 4(3E — I).

D. MOLECULAR PROPERTIES AND ELECTRONEGATIVITY

Using Eq. (2.11) or (2.13), electronegativities may be obtained from
purely atomic data. It is now apparent that these values can be used in
conjunction with Egs. (2.7) and (2.4) or (3.5) to estimate the dissociation
energies of heteropolar bonds once the homonuclear diatomic dissociation
energies D,, and Dgg are known. How well such estimates hold is
demonstrated in Table I. It is also possible to estimate the bond distances,
dap, in heteropolar bonds from covalent radii and electronegativities
following the empirical relation found by Schomaker and Stevenson
(1941):

dyp =75 + 75 — ¢ |xa — xsl- (2.14)
This relation has been carefully investigated by Polansky and Derflinger
(1963), who find ¢ = 0.09 for single bonds if 4 and 7 are in A and y is in
Pauling’s units. The covalent radii are roughly one-half of the bond
distances of the corresponding homonuclear bonds, i.e., r, = 1d4;
however, better values are obtained in a more detailed statistical study
by Derflinger and Polansky (1963). In Table I, some :esults from Eq.
(2.14) are listed and compared with experimental bond distances.

In addition, we demonstrate in Table I how well stretching-force
constants can be estimated from electronegativities with the use of-the
empirical relation found by Gordy (1946a,b):

0.75
hyg = [1.671\/(";"3) + 0.3] % 103, (2.15)
AB
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Here, k5 is the stretching-force constant in dyn/A, d,j is the inter-
nuclear distance in A, N is the bond order, and the electronegativities
are to be used in the units of Pauling. The usefulness of the above-
mentioned empirical relations should not be underestimated, although
they do not add much to our understanding of the detailed electronic
structure of a heteropolar bond. With these relations the chemist who
wants an immediate answer can estimate dissociation energies, bond
distances, and force constants without elaborate calculations. The
answers he obtains are frequently better than those of exceedingly
cumbersome, detailed quantum mechanical computations.

E. IoNnic CHARACTER

The term ‘““ionic character” of a bond, so much used in chemistry,
is rather unfortunate, since it is associated with two distinct meanings.

(1) In the language of valence bond theory, where the total wave
function of a diatomic molecule is written as

Vap = A{@pPs} + B{@r* P~} + C{®, Pp*},

the ionic contribution B{®, @5~} + C{®, Py*} is said to specify the
ionic character of the bond, while 4{®,®z} is said to specify the covaient
character. With this connotation, every bond has some ionic character,
even the bonds in such homonuclear diatomic molecules as H; and O,.
Ionic character in this sense will not be discussed here.

(2) Ionic character as we would like to understand and discuss it here
describes the partial charge distribution in a molecule, or, better, the

amount of negative charge transferred upon bond formation from one

atom to its neighbor. In this connection ionic character becomes equal
to the partial positive and negative charges on the two atoms of a diatomic
molecule, which will of course be zero for homonuclear diatomics.

This appears to be a clear definition of innic character as we want to
discuss it here. However, the distribution of the negative charge in a
heteropolar molecule A—B into one part belonging to atom A and the
other to atom B cannot be done unambiguously (Shull, 1962), because
the atoms in a molecule have lost some of their identity. A definite
assessment of the ionic character of a heteropolar bond can be made
only in the frame of a particular restrictive model which specifies in
detail how the charge is to be divided into the parts belonging to atoms
A and B. For more details, see Sections I'V,B and IV,C on population
analysis and total charge analysis.

Keeping in mind that the “ionic character” of a bond A—B is
merely an empirical concept, we expect it to be related to the
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electronegativity difference, y, — yp. Thus, Pauling (1960) proposed.to
assess the ionic character of a bond A—B as

g=1-exp[-3(xa - x8)’] (2.16)
Gordy (1950) suggested the relation
g = ¥(xa — xs) (2.17)

while, according to Wilmhurst (1958), the ionic character is given as

= Xa~ X8, 2.1
? Xa + xs (218)
Here, ¢ is the amount of negative charge transferred from atom B to
atom A, and is thus the partial negative charge on A. Equation (2.16)
does not directly give the direction of the charge transfer.

If we start with the idea that electronegativity is a potential, then it is
possible to derive a direct relation between electronegativity and ionic
character. We expect that in a molecule A—B the charges will be in
equilibrium if a test charge on atom A sees the same potential as a test
charge on atom B. This requires, because of Eq. (2.11),

xa(na) = xs(np)- (2.19)

The idea that in a bond the electronegativities equalize has been postu-
lated by Sanderson (1960). The same result may be obtained from the
following consideration (Hinze et al., 1963): Upon addition of the small
negative charge dn to atom A the energy (9W,/on),, dn is liberated,
while the removal of the charge dn from atom B requires the energy
(oWy/on),, dn. Charge transfer through the bond A—B will proceed as
long as the energy liberated on A is larger than the energy required on
B; equilibrium will be reached once both energies are equal. Thus, the
condition for charge equilibrium is

oW, _ (0Wy
| ( - )M dn = ( i )na dn, (2.20)
or, with the use of Eq. (2.11),
x(na) = x(ns). (2.19a)

If n, + ng = 2, we obtain from Egs. (2.11) and (2.12) the following for
the ionic character of the bond A—B:

= —1=_XA—"Xs _ XA — XB
g=m -1 —2cy +¢g) I,—E, + Iy - Ey (2.21)
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4. Heteropolar Bonds

It is true that this line of argument, which leads to the equalization of
electronegativity, is crude, since all changes in the interaction energy
between the two atoms have been neglected. On these grounds, de
Carvalho Ferreira (1963) and Pritchard (1963) have criticized the idea of
electronegativity equalization. It is, however, interesting to note that an
elementary description of the heteropolar bond in terms of molecular
orbital theory yields a result quite similar to Eq. (2.21), as we will see
in the following section. Any discussion of the finer details of the equations
for the determination of ionic character and arguments about quantitative
values appear rather meaningless in light of the ambiguity inherent in
the definition of “ionic character.”

III. Quantum Mechanical Considerations

A. GENERAL

If we want to investigate and understand the electronic structure of
heteropolar bonds in any detail we are forced to resort to quantum
mechanics. Ideally, we should solve the Schriédinger equation, a problem
much too intricate to be practicable, since we would have to deal with
the motion of at least two atomic nuclei and several electrons simul-
taneously. The first approximation introduced is to freeze the motion of
the nuclei, i.e., the Born-Oppenheimer approximation. In addition,
only Coulomb interactions are considered. Now we are left with the
problem of dealing with the simultaneous motion of several electrons
in the Coulomb field of, in the case of diatomics, two nuclei, a problem
complicated because of the Coulomb interaction between electrons. This
problem could be attacked directly, without any further approximations,
in small, two-electron systems. However, we would not gain much
insight into the more general structure of heteropolar bonds, insight
which could be transferred to larger systems. The more useful approach
is to break down the many-electron wave functions into one-electron
functions, the orbitals, or, better, the spin-orbitals. The many-electron
function is then constructed as an antisymmetrized product of these
spin-orbitals in order to satisfy the Pauli principle. This procedure is
known as the independent-particle approximation, and is more or less
the starting point of the two approaches which have become useful in
the interpretation of the electronic structure of molecules. The older of
these two procedures is the valence bond method, which has been
surpassed more and more by the molecular orbital method, mainly
because the molecular orbital method becomes less complex if detailed
computations are to be performed.
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B. VALENCE BOND THEORY

Valence bond (VB) theory takes a chemistry-like approach. In
chemistry, a molecule is formed by combining atoms; in VB theory, the
molecular wave function is formed by combining atomic wave functions.
Thus the wave function of a diatomic molecule A—B is approximated
by the product of the two atomic wave functions @, and Pg:

¥uap = {(DA(DB}' (3-1)

We have written a curly bracket around the product as a reminder that
this function has to be normalized and antisymmetrized. The atomic
functions @, and Py, which describe particular stationary states of the
atoms A and B, respectively, will be normal and antisymmetric in
themselves; however, antisymmetry between the two functions has still
to be achieved. This antisymmetrization can become rather involved,
and we will avoid it for the moment by writing curely brackets.

It turns out that the simple product, Eq. (3.1), is a good approxi-
mation to the molecular wave function only if the atoms do not interact
strongly. It will adequately describe the dissociation of the molecule
A—B into the atoms A and B, each in a particular stationary state, for
large internuclear distances only. At the molecular equilibrium inter-
nuclear distance, where the interactions are strong, it becomes necessary
to add to the so-called covalent structure [AB], the ionic structures
[A*B~] and [A~B*]; hence
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